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more mature oocytes whose imprints are in place (Kono
et al., 1996).
In assigning to imprinting a central role in develop-
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is to attempt to glean from the list of imprinted genes,
which now numbers over two dozen, some common
functions (Table 1 and http://www.mgu.har.mrc.ac.uk/Introduction
anomaly/anomaly.html). From this list two themes emerge.The genetic nonequivalence of the mammalian maternal
Particularly striking is the number of imprinted genesand paternal genomes, uncovered by the elegant pronu-
that act in the fetal growth pathway mediated by insulin-clear transplantation studies in the 1980s (McGrath and
like growth factor II (IGFII). The list includes the Igf2Solter, 1984; Surani et al., 1984), came as quite a surprise
gene itself and three genes that modulate its activity,and forced classical Mendelian genetics to undergo a
the mannose-6-phosphate/IGFII receptor (Igf2r), Grb10,number of revisions. The discovery of imprinting also
and H19. Targeted mutations in Igf2, Igf2r, and H19presents us with a genetic paradox: by silencing one
confirm that these genes affect the rate of fetal growthallele of an autosomal gene, mammals discard the ad-
(DeChiara et al., 1990; Filson et al., 1993; Lau et al.,vantage of diploidy. What are parents trying to achieve
1994; Wang et al., 1994; Leighton et al., 1995a). A secondwith this heavy-handed way of influencing gene expres-
group of genes, including Insulin2, 57Kip2, Gnas, Rasgrf1,sion in their offspring? This article will focus on that
and Mash2, are involved in regulating fetal growth and/issue, as well as outstanding issues regarding the mech-
or the cell cycle.anism of imprinting.
One can easily rationalize why a new genetic mecha-
nism might be imposed on fetal growth in mammals.
The Function of Imprinting in Unlike the progeny of egg-laying animals, mammalian
Mammalian Development embryos develop in a parasite-like relation to their
A question of central importance to the field is the func- mother. Nutrient flow between the mother's placenta
tional significance of genomic imprinting in mammals. and the embryo must be regulated throughout develop-
To date autosomal imprinting, as defined in this review ment, and the failure to do so is potentially catastrophic
as the differential expression of the two parental alleles to the embryo, its littermates, and the mother.
of a gene, has been demonstrated only in eutherian (i.e., The other theme that is beginning to emerge is the
placental, nonmarsupial) mammals. However, female role for imprinting in brain development. The first hint
marsupials exhibit a form of genomic imprinting as they of this came from the behavior of children with Prader-
preferentially inactivate the paternal X chromosome in Willi (PWS) and Angelman (AS) syndromes. Both dis-
all somatic cells (Cooper et al., 1993). A similar mode eases are most often caused by large megabase dele-
of imprinted X inactivation occurs early in development tions at 15q11±q13, but in the case of PWS, the deletion
in the extraembryonic tissues of eutherian females (Ta- occurs on the paternal chromosome, whereas in AS,
kagi and Sasaki, 1975) and may well represent the an- the affected chromosome is always of maternal origin
cestral form of X inactivation. (Lalande, 1996; Nicholls et al., 1998). Children with PWS
The highly restricted developmental potentials of an- are hypotonic, fail to suckle, and develop obesity and
drogenotes with two paternal genomes, and gynogen- mental retardation with time. In addition they have short
otes or parthenogenotes with two maternal genomes, stature and small hands and feet. AS patients are ataxic,
was interpreted to mean that genomic imprinting was hyperactive, and much more severely retarded. Two re-
critical to development in mammals. In retrospect this cently reported mouse models appear to recapitulate a
argument is difficult to sustain. Androgenotes and gyno- number of these phenotypes (Jiang et al., 1998; Yang
genotes do not fail to imprint completely; rather they et al., 1998). They lend strong support to the conclusion
have a genome-wide imbalance in the dosage of im- that PWS is caused by the loss of expression of multiple
printed genes. For example, androgenotes will have paternal-specific genes at 15q11±q13, whereas AS may
double the dosage of paternally expressed genes and be explained by a loss-of-function of a single gene,
no expression of maternally expressed genes. The same UBE3A, which is imprinted exclusively in the brain and
condition holds for single or partial chromosomal unipa- encodes a ubiquitin ligase (Rougeulle et al., 1997; Vu
rental disomies, which have been extensively studied in and Hoffmann, 1997).
mice, and often lead to developmental anomalies (Catta- Several investigators have approached the question
nach, 1986). This leaves open the possibility that im- of the function of imprinting by studying the distribution
printing is dispensable under conditions where the im- of androgenetic and gynogenetic cells in chimeras
prints on both parental genomes are erased, as Jaenisch (Mann et al., 1990; Allen et al., 1995; Keverne et al., 1996).
(1997) has suggested. There is some indirect evidence In general they observed that androgenetic chimeras
for this. Parthenogenetic embryos that are generated are oversized, and exhibit striking muscle hypertrophy,
from nuclei of immature oocytes, that may be at a stage whereas gynogenetic chimeras are growth retarded,
of development when imprints are not fully established, consistent with a role for imprinted genes in fetal growth.
More recently Keverne et al. (1996) reported strikingdevelop to a later stage than parthenogenotes from
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Table 1. The Expression and Function of Imprinted Genes
Growth Neuronal
Gene Function Effects Expression
Paternal Expression
Igf2 Fetal-specific growth factor 1 2
Insulin-2 Growth factor 1 2
Peg1/Mest Alpha beta hydrolase family 1 1
Snrpn RNA processing 1
Znf127 Zn finger protein
Necdin Growth suppressor in postmitotic neurons 1 1
Ipw Nontranslated RNA
Gnas Ga 1 ?
Rasgrf1 GTP exchange protein 1 1
neuronatin ? ? 1
Peg3/Pw1 NF-kB regulation 1 1
Maternal Expression
H19 Nontranslated RNA 1 2
Igf2r Mannose-6-phosphate 1 ?
receptor/IGFII binding
Mash2 Placental transcription factor 1 2
Kv lqt1 Potassium channel 2 1
P57 Kip2 Cyclin kinase inhibitor 1 2
Grb10 Inhibitor of IGF signaling 1 ?
Ube3a Ubiquitin ligase 2 1
The list contains a subset of imprinted genes that affect cell growth and/or are expressed in the nervous system. For references and details
see http://www.mgu.har.mrc.ac.uk/anomaly/anomaly.html.
differences in the number and distribution of uniparental escape X inactivation, but are silent on the maternal X
chromosome. They go on to suggest that this gene(s)cells in the brain, with androgenetic cells inhibiting over-
all brain size and contributing primarily to the hypothala- may explain why males, who inherit their X chromosome
from their mother, are more vulnerable to developmentalmus, but not the cortex. Gynogenetic cells appeared
to enhance forebrain growth and were more likely to disorders of language and affiliation.
contribute to the cortex, striatum, and hippocampus.
They concluded that imprinting may have contributed The Parent Offspring Conflict Hypothesis
and the Evolution of Genomic Imprintingover time to the rapid expansion of the cortex relative
to other parts of the brain in mammals. Although this Is there a connection between the growth effects dis-
played by mutations in some imprinted genes and thefinding is intriguing, the same caveat noted above holds.
The uniparental cells in the chimeras are either underex- behavioral effects in others? Haig and Westoby (1989)
articulated a theory for the evolution of imprinting thatpressing or overexpressing virtually all imprinted genes.
The phenotypic effects, therefore, could arise quite indi- comes closest to providing such a synthesis. They pro-
posed that imprinting will arise in polyandrous mammalsrectly as a consequence of an imbalance in the expres-
sion of imprinted genes that creates small differences as the result of a conflict between males and females
over the allocation of maternal resources to offspring.in the size of a stem cell population early in development.
More recently Peg1/Mest, a maternally imprinted gene Fathers will favor strategies for extracting the maximal
amount of resources for their offspring, at the expensethat is expressed broadly in the embryo, but is restricted
to the brain in adults, has been disrupted in mice (Le- of the mothers and their future offspring by other sires.
Mothers will counter by using imprinting to allocate re-febvre et al., 1998). In addition to causing a general
retardation in embryonic growth, the mutation in adult sources equally among all their litters. The two sides
battle one another to an impasse that is a compromisefemales was associated with poor maternal care, includ-
ing impaired placentophagia. Peg1/Mest expression is growth rate, and thus Haig's suggestion that imprinting
is a genetic ªtug-of-warº (Moore and Haig, 1991).high in the adult hypothalamus, an organ that has been
implicated in maternal behavior. Thus, imprinted genes The model predicts that paternally expressed genes
should promote growth and maternally expressed genemay extend their influence on growth regulation into the
adult, to affect the care of the next generation. should slow it down during any period when the mother
is the sole source of the nutritional resources. This pre-Perhaps the most intriguing finding related to the role
of imprinting in behavior has been suggested from a diction holds for a surprising number of imprinted genes,
none of which were identified at the time the theory wasdifference that has been detected among females with
Turner's syndrome (Skuse et al., 1997). Those who in- proposed (Table 1). Compelling examples include the
paternally expressed Igf2 gene, whose loss-of-functionherit their single X chromosome from their father tend
to be better adjusted socially and exhibit superior verbal phenotype is a 40% reduction in growth in mice (DeChi-
ara et al., 1990), and the maternally expressed Igf2rand social skills. The authors predicted the presence of
one or more imprinted genes on the X chromosome that gene, mutations in which are oversized and inviable
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(Filson et al., 1993; Lau et al., 1994; Wang et al., 1994). We recently tested another prediction of the model:
that imprinting will not be selected in monogamous spe-Most strikingly with respect to the parent offspring con-
flict model, the double mutant is normal-sized and cies, because the parents will have a common interest
in all offspring. The North American beach mouse, Pero-viable.
While many imprinted genes are involved in fetal myscus polionotus, is a rare example of a monogamous
mammal. However Igf2, Igf2r, and H19 are imprinted ingrowth, and the vast majority are expressed and im-
printed in the placenta, a critical organ for regulating this mouse, just as in Mus (Vrana et al., 1998). Thus, one
prediction of the conflict model is not met. This findingallocation of maternal resources, not all imprinted genes
neatly fit into the parent offspring model. Snrpn, for must be interpreted with caution, however, as Mochizuki
et al. (1996) have argued on theoretical grounds thatexample, encodes a paternal-specific protein that is pre-
dicted to function in RNA processing and was originally even limited partner exchange in a species is sufficient
to induce parent offspring conflict. Such exchange hasthought to be brain specific. Its location within the mini-
mal region for PWS made it a prime candidate for the been observed in P. polionotus when a female is cap-
tured without a male partner (Foltz, 1981).gene underlying the disorder. Recently the gene has
been shown to be more widely expressed, yet a mutation
that disrupts the protein product of the gene is not dele-
Establishment and Erasure of the Markterious in mice (Yang et al., 1998). In contrast a regulatory
in the Germ Linemutation that deletes its promoter disrupts the expres-
The least understood aspects of genomic imprinting aresion of Snrpn as well as at least three additional paternal-
the mechanism by which gametic marks are establishedspecific genes in the domain (Yang et al., 1998). This
differently in the two germ lines and how they are erasedmutation recapitulates several of the PWS phenotypes,
and reset for the next generation (Figure 1). From theone of which is a failure to suckle. Genes involved in
outset differential DNA methylation was viewed as theneonatal feeding, where maternal resources are con-
likeliest candidate for the gametic mark, and many stud-sumed, would be good candidates for paternally ex-
ies have continued to point to the importance of methyl-pressed genes, according to the parent offspring con-
ation in at least sustaining the imprinted status of genesflict model.
in the soma (Li et al., 1993; Shemer et al., 1997; CasparyViewed in this light Snrpn itself may not be the direct
et al., 1998). For H19 (Tremblay et al., 1995), Igf2r (Stogertarget of the evolutionary selection for imprinting at this
et al., 1993), and Snrpn (Shemer et al., 1997), the cis-locus, despite the fact that the gene is stringently regu-
acting gametic mark has been identified, using the strin-lated by allele-specific DNA methylation (Shemer et al.,
gent criteria that its methylation status is different in1997). Rather its imprinted expression may regulate
eggs and sperm and is maintained during a metastableneighboring genes. A similar case can be made for the
period in early embryogenesis when most DNA methyla-maternally expressed H19 gene, whose product is dis-
tion is lost (Figure 1). Furthermore, functional studiespensable, but whose 59 flank is essential for the im-
using either transgenic mice or targeted germline muta-printing of both H19 and Igf2 (Jones et al., 1998a; Thor-
tions have confirmed the importance of the cis-actingvaldson et al., 1998). These genes point out the peril of
site to imprinting (Wutz et al., 1997; Thorvaldson et al.,attempting to reconcile the functions of all imprinted
1998; Yang et al., 1998). At the primary sequence level,genes with evolutionary models.
these regions bear no resemblance to one another, otherThe pleiotrophic phenotypes of the Peg1/Mest muta-
than a relatively high density of CpG residues. The fre-tion, which affects both embryonic growth and adult
quent association of simple sequence repeats aroundmaternal care (Lefebvre et al., 1998), can be seen in the
imprinted genes has led to the suggestion that theselight of the parent offspring conflict model as fathers
might be important in either attracting or maintainingexpressing a gene in their female offspring that pro-
the methylation imprint (Neumann et al., 1995), but thismotes the well being of their grandchildren. In this in-
has not been directly demonstrated for any imprintedstance, however, it is not at all obvious why mothers
gene. Thus, the rules that govern the germline specificitywould choose to silence such a gene, as they share with
of DNA methylation are unknown.the fathers a common genetic interest in those offspring.
A small number of primordial germ cells (PGCs) areWhile the model has been very successful in accom-
set aside early in development in mice, and these remainmodating some of the functional data about imprinted
sexually indifferent until E10.5. Whether PGCs fully erasegenes, it has its detractors (Hurst, 1997). It has been
all the gametic marks of the previous generation, orcharged that the model is inherently too flexible and
whether they leave intact the marks that do not requirecan be used to rationalize almost any result. Another
switching, has not been firmly established. Imprintscriticism is that if mammals are engaged in a classical
could be lost passively by direct inhibition of the pri-ªarms raceº between conflicting genes, you might ex-
mary maintenance methylase, DNA methyltransferasepect rapid evolution of imprinted genes in mammals,
(Dnmt1), or by an active process involving a demethyl-compared to other vertebrates, and this is not observed
ase. There is contradictory evidence on this score from(Hurst, 1997). It may be that evolution has acted primarily
studies of the genome-wide demethylation that occurson the regulatory regions of these genes, especially the
in early mouse embryos (Kafri et al., 1993; Rougier et al.,regions that control imprinting. In fact there is a striking
1998). To date no DNA demethylase has been purified,lack of sequence conservation between the mouse and
although an extract with this activity has been reportedhuman H19 gametic marks (Jinno et al., 1996) and the
(Weiss et al., 1996).comparable regions in the mouse and human Igf2r
genes (Smrzka et al., 1995). To address the question of whether imprints have
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Figure 1. The Ontogeny of the Gametic Im-
print
At fertilization the zygote inherits one parental
chromosome with a gametic methylation im-
print (red vertical bars) as well as other meth-
ylated DNA that is not sustained in the early
embryo (gray bars). The other chromosome
is not methylated at the gametic imprint. The
embryonic cells are distributed between the
soma, which is remethylated, and the germ
line, where methylation is erased and reset
in an allele-specific manner.
been erased, Szabo and Mann (1995) examined the ex- Short-Range Mechanisms for Gene Silencing
in the Somapression of imprinted genes in PGCs and found biallelic
expression of a number of genes. This finding is not Once genomic imprints are established in the soma of
offspring, they lead to the silencing of imprinted genessufficient to conclude that the imprints are erased be-
cause there is precedence for biallelic expression of by multiple mechanisms. This was evident from studies
by Li et al. (1993), who showed that while imprinting wasimprinted genes despite the presence of the gametic
imprints (Lerchner and Barlow, 1997). Several investiga- disrupted in embryos deficient for Dnmt1, some genes
like H19 showed reactivation of the silent allele by losstors have attempted to address the question by examin-
ing germ cell lines (EG cells) in culture. This strategy of methylation while others, like Igf2 and Igf2r, were
silenced. More recently Caspary et al. (1998) have foundovercomes the problem of studying a very small popula-
tion of cells, but always runs the risk of perturbing the one imprinted gene, Mash2, that is apparently unaf-
fected by the loss of methylation.epigenetic status of the genome during growth in cell
culture (Dean et al., 1998). Interestingly, Tada et al. (1997) The detection of extensive DNA methylation on the
promoter regions of a number of imprinted genes likeshowed that EG cell lines from E12.5 embryos contained
an activity that could initiate demethylation of both im- H19 and Snrpn offers the simplest solution to the prob-
lem of gene silencing (Figure 2A). DNA methylation couldprinted and nonimprinted DNA in nuclei of somatic cell
hybrids. This finding is consistent with the presence of directly interfere with the binding of transcription factors
or could act indirectly by recruiting the methyl-bindingeither a demethylase or an inhibitor of Dnmt1 in EG cells.
Labosky et al. (1994) found that the Igf2r imprinting protein MeCP2 and its attendant histone deacetylases
(Jones et al., 1998b; Nan et al., 1998).control region was partially methylated in EG cells from
E8±8.5 embryos, but unmethylated in E12.5-derived EG It has been far more difficult to explain the silencing
of genes for whom methylation appears to be requiredcells. This finding was confirmed for Igf2r by Tada et
al. (1998), but they found that H19 remained partially for transcription. In the case of Igf2, the multiple promot-
ers of the silent allele are unmethylated and in a relativelymethylated, suggesting that there may be differences
in the time of erasure for different imprinted genes. For open chromatin state, exhibiting no hallmarks of gene
silencing (Sasaki et al., 1992). Likewise, the repressedseveral of the other genes examined, the identity of the
epigenetic mark is unknown, and therefore the sites Igf2r promoter is initially unmethylated and becomes
methylated too late in embryogenesis to explain silenc-examined may not be relevant to imprinting.
The methylase responsible for resetting the gametic ing (Stoger et al., 1993). Furthermore, the epigenetic
marks that have been shown to be required for silencingmark has not been rigorously shown. Nevertheless, the
evidence is accumulating in favor of Dnmt1 (Mertineit these genes lie many kilobases away from their promot-
ers (Leighton et al., 1995a; Wutz et al., 1997; Thorvaldsonet al., 1998). This enzyme is tightly regulated during both
male and female gametogenesis by multiple mecha- et al., 1998). Based on the presence of DNA methylation
on the active alleles of these genes, several groups pro-nisms. The protein is found at high levels in the nucleus
during the dictyate stages of oocyte growth, a time that posed that methylation could be inhibiting the binding
of a repressor (Stoger et al., 1993; Walter et al., 1996).is coincident with the acquisition of the Igf2r maternal-
specific imprint (Stoger et al., 1993), and prior to the However, when this premise was directly tested for the
Igf2 gene, it was shown that transcription of Igf2 couldtime when the developmental potential of gynogenotes
is reduced (Kono et al., 1996). In spermatogenesis the occur in the absence of methylation (Jones et al., 1998a).
One of the first ideas suggested to explain the im-protein is found transiently in spermatogonia, prelepto-
tene and leptotene spermatocytes, but is lost at pachy- printing of such genes was enhancer competition (Bar-
tolomei and Tilghman, 1992). In such a model, twotene. The acquisition of the paternal-specific imprint has
yet to be correlated with any stage of spermatogenesis. linked, reciprocally imprinted genes like Igf2 and H19
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Figure 2. Mechanisms for Imprinted Gene Silencing
In the models depicted, the actively transcribed gene is depicted with a purple rectangle and the silent gene by an open rectangle marked
with an ªX.º The methylated gametic mark is indicated by red vertical bars, an enhancer by a green circle and a boundary or insulator by a
hatched rectangle. Antisense RNA is indicated by a wavy purple line and sense RNA by a wavy black line. Closed chromatin is indicated by
open gray circles.
compete with one another for access to shared en- that the epigenetic mark at the H19 locus acts as chro-
matin boundary or insulator that interferes with produc-hancers (Figure 2B). The outcome of the competition is
determined by the methylation status of the H19 pro- tive interactions between the Igf2 promoters and en-
hancers that lie distal to the epigenetic mark (Figuremoter. The original model was based on the observation
that Igf2 and H19 are coexpressed during development, 2C). This proposal was initially raised to explain the
consequences of moving the H19 enhancers to a posi-an observation that was explained when it was shown
that a deletion of enhancers 39 of the H19 gene affects tion midway between the Igf2 and H19 genes (Webber
et al., 1998). On the unmethylated maternal chromo-expression of both genes (Leighton et al., 1995b). More
recently Barlow (1997) has suggested that there may some, the Igf2 gene was activated, but the H19 gene,
despite its unmethylated state, was silent. In a boundarybe analogous competition for transcription between the
maternally expressed Igf2r gene and an antisense tran- model, the epigenetic mark would assemble into a pro-
tein±DNA complex only on the unmethylated chromo-script initiating within the intronic epigenetic mark of
that gene. some. Indeed, Hark and Tilghman (1998) have recently
shown that the epigenetic mark upstream of the H19While this idea may hold for some genes, its validity
for Igf2 and H19 has recently been called into question. gene is hypersensitive to nucleases exclusively on the
maternal chromosome, indicative of a nonnucleosomalJones et al. (1998a) have shown cotranscription of Igf2
and H19 promoters on the paternal chromosome in mu- chromatin structure. Methylation on the paternal chro-
mosome would then serve two purposes: it would si-tant mice where the H19 structural gene has been re-
placed with a luciferase transgene. In those mice, the lence the H19 gene and inactivate the boundary, thereby
allowing interaction between the Igf2 promoter and therelaxation of H19 imprinting had no effect on the expres-
sion of Igf2, a finding that is not compatible with strict downstream enhancers.
Thorvaldsen et al. (1998) have recently deleted theenhancer competition. A similar finding has been ob-
served in F1 hybrids between two Peromyscus species epigenetic mark upstream of the H19 gene and have
shown that imprinting of both H19 and Igf2 is abolished.(Vrana et al., 1998).
To explain these anomalies, it has been suggested In these mutant animals, Igf2 and H19 are coexpressed
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Figure 3. Imprinting in the Prader-Willi and
Angelman Syndrome Region
(A) The structure of the SNRPN gene and the
positions of the upstream ªBDº exons are de-
picted, with the transcriptional start sites indi-
cated by the horizontal arrows. Below the dia-
gram is the extent of the minimal region held
in common among PWS and AS microdele-
tion families. Adapted from Dittrich et al.
(1996).
(B) The PWS and AS genes are indicated by
rectangles, with the transcribed alleles filled
in with purple (paternal expression) or red
(maternal expression). The SNRPN promoter
deleted in PWS patients is indicated by the
blue horizontal arrow. The maternal germline
epigenetic mark is indicated by the red verti-
cal lines, whereas the positions of DNA meth-
ylation that may be the consequence of germ-
line methylation are indicated by gray vertical
lines.
(C) The functional consequence of the PWS
deletion on the paternal chromosome and the
AS deletion on the maternal chromosome.
The question mark indicates that the paternal
expression of UBE3A has not been verified
in PWS.
on both parental chromosomes, at levels somewhat over long distances (Figure 2F). Once in motion, that
propagation would not require the maintenance of meth-lower in wild-type chromosomes. Such a finding is con-
sistent with either enhancer competition or a boundary ylation at the initiating signal, and thus Mash2 imprinting
would be sustained in Dnmt mutant embryos that hadmodel.
Regulation by antisense RNA has been suggested as lost methylation.
a third mechanism for gene silencing in the absence of
direct methylation (Figure 2D). Reciprocally imprinted Long-Range Mechanisms for Gene Silencing
in the Somaantisense transcripts have been detected at both the
Igf2r (Wutz et al., 1997) and UBE3A (Rougeulle et al., That some imprinting is dependent upon a signal capa-
ble of acting over a large distance follows from studies1998) genes. One could envisage a scenario in which
transcription of the antisense RNA on the unmethylated of a subset of PWS and AS patients (Figure 3). These
PWS patients have small microdeletions of the promoterchromosome could directly interfere with transcription
of the ªsenseº promoter on the same chromosome. The and first exon of the SNRPN gene, which result in the
loss of expression of that gene, as well as at least threeroute to relieving the inhibition of sense transcription
would be to inactivate the antisense promoter by DNA paternally expressed genes that lie as far as 1 Mb away
on the chromosome (Buiting et al., 1995). Furthermore,methylation. In this proposal the antisense RNA itself
plays no role. However, it is also possible to imagine a a paternal chromosome that harbors such a mutation
displays the methylation pattern of a wild-type maternalmodel in which the inhibition of sense expression is
achieved by direct interaction between the sense and chromosome. Even more surprising is the finding that
deletions just upstream of the SNRPN promoter lead toantisense RNAs (Figure 2E).
In each of the foregoing models, allele-specific DNA AS by presumably eliminating the expression of UBE3A,
and possibly other maternally expressed genes that liemethylation is responsible, either directly or indirectly,
for the gene-silencing mechanism in a chromosome- hundreds of kilobases telomeric to SNRPN.
How do these cis-acting sites act at such distances?specific manner. How can we explain a gene like Mash2,
whose imprinting is sustained in the absence of DNA The answer is far from clear, but in each case, the pri-
mary gametic signal, presumably the methylation statusmethylation (Caspary et al., 1998)? Although there is no
precedence for a gametic mark other than DNA methyla- of the SNRPN promoter, is able to propagate changes in
DNA methylation and/or chromatin structure throughouttion, it is conceivable that a DNA-binding protein could
serve this purpose. To do so, however, protein binding the region (Buiting et al., 1995; Dittrich et al., 1996). In
the soma, transcription of the SNRPN could be requiredwould need to be symmetrically segregated to sister
chromatids during cell division and reestablished by a to propagate an unmethylated and open chromatin con-
formation throughout the paternal chromosome, akinmechanism such as cooperative protein binding.
Alternatively, one clue to Mash2 imprinting may lie in to the model in Figure 2F. Maternal methylation at the
SNRPN could lead to the propagation of a different,the fact that it is embedded in a large cluster of imprinted
genes. The sequences that confer imprinting on Mash2 more closed and methylated chromatin state. There is
precedence for the ability of a CpG island, like thehave not been identified, but it is conceivable that its
imprinting depends on methylation-regulated sequences SNRPN promoter, to inhibit the methylation of non-
island sequences at a distance, although the distancesthat initiate and propagate a specific chromatin state
Review
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